A new class of chiral stationary phases (CSP) with peptide chiral selectors was prepared by solid-phase synthesis with a tert-butoxycarbonyl-L-amino acid on silica. The type of amino acid that is favorable for this class of CSP is discussed. Using the CSP with the phenylalanine peptide selector, the effect of peptide length on the enantioselectivity was investigated in normal-phase mode. The applicability of the CSP with a phenylalanine peptide to chiral ligand-exchange chromatography was also examined.
Introduction
Enantiomers of a chiral drug often have dramatically different pharmacological or toxicological effects and therefore, the separation of enantiomers is very important. LC with a chiral stationary phase (CSP) is a popular method in the field of chiral separation. The design and development of CSPs has attracted much attention for a number of years. To date, CSPs with several chiral selectors, such as cyclodextrins [1] , macrocyclic antibiotics [2] , polysaccharide derivatives [3] , modified amino acids [4, 5] , proteins [6] and cinchona alkaloids [7] , have been reported and some of them are commercially available. Since CSPs with a protein chiral selector have excellent enantioselectivity, a peptide chiral selector would seem to offer promise. Indeed, research on peptide chiral selectors has progressed [8] [9] [10] [11] [12] .
In a recent study by us, three CSPs having Phe peptide chiral selectors with different peptide length, Phe 4 , Phe 8 and Phe 12 , were individually prepared on aminopropyl silica (APS) by solid-phase synthesis with tert-butoxycarbonyl (Boc) -L-Phe [13] . The highest resolution of model enantiomers (R/S warfarin) was observed for the Phe peptide chiral selector with intermediate length (i.e. Phe 8 ), which differed from other peptide chiral selectors for which better resolution was attributable to longer peptide length [9] .
In the present study, we evaluated other peptide chiral selectors made from Boc-phenylglycine (Phg), Boc-Val and Boc-Pro in order to find out the kind of amino acid that is most favorable for this class of CSPs. In addition to the previous study using a reversed phase mode [13] , the enantioselective investigation of the Phe peptide CSPs having different peptide length were extended to 2009, 70, 1501-1504 normal-phase (NP) mode because the effective chiral recognition in various mobile phase is advantageous because of the different solubilities of the chiral analytes. The applicability of Phe peptide CSPs to chiral ligand-exchange chromatography (CLEC) was also examined.
Experimental Chemicals
Aminopropyl silica (APS, particle size, 5 lm; pore size, 120 Å ) was a kind gift from Daiso Chemical (Osaka, Japan). Boc-L-Phe, Boc-L-Val and Boc-L-Pro were purchased from the Peptide Institute (Osaka, Japan). Boc-L-Phg was synthesized by use of di-tert-butyl pyrocarbonate as previously reported [14] . Dicyclohexylcarbodiimide (DCC), N,N 0diisopropylethylamine (DIEA), benzoyl chloride (BZ), triethylamine (TEA), methanol, acetonitrile, hexane, 2-propanol, ninhydrine, mandelic acid, toropic acid, benzoin, amino acids (Phe, Pro, Trp, Tyr and His) and copper (II) sulfate were obtained from Wako Pure Chemicals (Osaka, Japan). Trifluoroacetic acid (TFA) was from Tokyo Chemical Industry (Tokyo, Japan). Dichloromethane (DCM), ethanol, benzyl alcohol, isatin, sodium perchlorate, perchloric acid were from Kishida Chemicals (Osaka, Japan). Warfarin was obtained from Sigma (St. Louis, USA). Optically pure warfarin was prepared from racemic warfarin, using a fractional crystallization method [15] .
Solid-Phase Synthesis of the CSPs
The synthetic procedure of the CSPs with Boc-L-amino acid was as reported in our previous paper [13] . In this procedure, the ninhydrine test was performed to check for comple removal of Boc groups, while the isatin test was performed for terminal prolyl residue of Pro peptides [16] . The modification ratios (mmol g -1 ) of each peptide on APS were 0.183 for Phg ( The structures of the CSPs are shown in Fig. 1 .
Chromatography
The prepared CSPs were individually packed into columns (150 mm 9 4.6 mm i.d.) by the slurry packing method with methanol [17] .
The system for RP-LC consisted of a Waters LC Module 1 (Milford, USA), a Waters HTR-B column oven and a Rikadenki R-01 recorder (Tokyo, Japan) and the one for NP-LC was made up of a Jasco 880-PU pump (Tokyo, Japan), a Jasco 875-UV detector, an Omron E5C3 column oven (Tokyo, Japan) and a Rikadenki NP-2040 recorder (Tokyo, Japan). The system for chiral ligand exchange chromatography (CLEC) included a Hitachi L-7100 (Tokyo, Japan), a Hitachi L-7455 UV-diode array detector and a Hitachi L-7300 column oven. For all the LC systems, flow rate was set at 0.5 mL min -1 with detection at 280 nm and a column oven temperature of 35°C.
All aqueous solutions were prepared with water that was deionized and distilled using a WG 220 (Yamato Scientific Co, Tokyo) and passed through a water purification system (Puric-Z, Organo Co, Tokyo). The mobile phase was a mixture of 0.5 M aqueous sodium perchlorate and acetonitrile, adjusted with perchloric acid to pH 2.0 for RP-LC and a mixture of n-hexane and 2-propanol for NP-LC, while that of CLEC was a mixture of 0.25 mM copper (II) sulfate and acetonitrile. All mobile phases were degassed thoroughly prior to use.
Results and Discussion
Effect of Amino Acid of the CSPs on the Enantioselectivity Warfarin enantiomers were used as a model chiral analytes in order to compare the newly synthesized CSPs, i.e. APS-(Phg) 8 flexible interaction site and thus, does not appear to be suitable for our proposed CSPs. Besides warfarin enantiomers, the CSPs were used for the enantioseparation of trihexyphenidyl and benzoin which were partially separated on APS-(Phe) 8 -BZ [13] . However, no chiral separation was observed on the three CSPs. This may be because the side chain of Phe peptide works as a flexible and strongly interactive site in the chiral recognition.
For a peptide chiral selector, the secondary structure introduces more conformational rigidity into the selector and can influence its enantioselectivity. In our previous study [13] , we have confirmed that Phe peptide selector exists in an a-helical formation. The conformation of the Val peptide is also expected to be an a-helix [18]. On the other hand, the Phg peptide does not take an a-helical conformation [19] and it is well known that the Pro peptide takes the characteristic conformation of a left-handed polypeptide II helix [20] . These differences of conformation could be partially responsible for their different enantioselectivity.
Effect of Peptide Length in NP Mode
We evaluated the enantioselectivity of the CSPs in NP-LC mode using four chiral analytes ( Table 1 ). The best resolution was obtained for benzoin enantiomers and as n-hexane content increased, the resolution factor increased due to the increase in retention. In RP mode, enantioseparation could not be achieved for mandelic and tropic acids, however partial separation was possible in NP mode. Conversely, warfarin which could be fully separated in RP mode [13] could not be separated in NP mode. The chiral analytes capable of separation with this class of CSPs were changeable by the separation mode used.
Huang et al. [9] reported that a longer peptide selector made of 9-fluorenylmethoxycarbonyl-proline showed a better chiral resolution, whereas in our previous study using RP-LC, the longest Phe peptide selector (Phe 12 ) did not demonstrate the best enantioselectivity and the highest resolution was achieved by the Phe 8 which has an intermediate peptide length [13] . In contrast to RP-LC, the current study showed that only the CSP with the longest peptide selector (Phe 12 ) provided an enantioselectivity in NP-LC. This was mainly due to its relatively high hydrophilicity; additionally, the peptide secondary structure produced by the hydrogen bonds facilitated in the organic mobile phase, might contribute to the chiral recognition. The optimum peptide length of our proposed CSPs for enantioseparation should be varied according to the separation mode.
Use of Phe CSP in CLEC
Due to the good success of derivatized amino acid selectors in enantioseparation via CLEC [21] , our proposed CSPs are a good candidate for CLEC in which a chiral selector chelates Zn(II), Ni(II) or Cu(II) ion through a pair of coordinating electronegative atoms (N, O or S).
Four UV-active amino acids, Phe, Trp, Tyr and His, were used as model analytes. As a mobile phase, a mainly aqueous mixture of 0.25 mM Cu(II) sulfate/acetonitrile (95/5, v/v) was used. The tested amino acids were partially enantioseparated in CLEC with APS-(Phe) 8 -BZ, however no chiral resolution was obtained in RP-LC mode. In this preliminary study, although an absolute enantioseparation was not found because of peak tailing, the values of the separation factors (a = 1.12-1.64) indicated a potential use of our proposed CSP in CLEC.
Conclusion
A novel class of CSP prepared by solidphase synthesis with a Boc-L-amino acid was characterized. From the comparative study using four amino acid materials, the amino acids having a sterically flexible side chain were possibly preferable for developing this class of CSP in RP-LC. Additionally, the conformation of the peptide selectors may contribute to their enantioselectivity. The CSP with Phe peptide chiral selector was successfully used in both of RP-LC and NP-LC modes. The separations of chiral analytes and the effect of peptide length on chiral recognition were changeable by altering the separation mode. Furthermore, the Phe peptide CSP was potentially applicable to CLEC. 
